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ABSTRACT 
Operation of the original engine configuration disclosed a severe 
compressor stall problem at high altitude, which was largely attributed 
to a radial flow distortion entering the high-pressure compressor. 
Engine modifications for eliminating or alleviating the stall problem 
were investigated. These included use of vmiable high-pressure com- 
pressor inlet guide vanes, increased turbine-stator areas, and minor 
alterations in both the low- and high-pressure compressor rotors. 
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SUMMARY 
An a l t i t ude  investigation was conducted t o  determine the  performance 
and operating character is t ics  of a prototype Iroquois turbojet  engine. 
Steady-state engine data were obtained over a range of Reynolds number in- 
dices from 1.00 t o  0.17, i n l e t - a i r  temperatures from -40° t o  340° F, and 
simulated Mach numbers from 0.9 t o  2.3. In  addition, engine-operating 
l imits ,  including t ransient  and steady-state compressor s t a l l ,  were 
ob t ained . 
Operation of the  or iginal  engine configuration disclosed a severe 
compress o r - s t a l l  problem a t  high al t i tude,  which markedly reduced the  
engine-operating range and raised serious doubts as t o  the  prac t ica l  
a b i l i t y  of the engine t o  operate a t  Reynolds number indices below 0.45 
a t  moderate-to-high corrected engine speeds. Examination of the component 
data disclosed tha t  the  reduced engine-operating range was a r e su l t  of a 
decrease i n  the  high-pressure compressor s t a l l  masgin, which was largely 
due t o  a severe radial-flow dis tor t ion  entering the  compressor. Engine 
modifications f o r  eliminating or a l leviat ing the  s t a l l  problem were in- 
vestigated. These included use of variable high-pressure compressor- 
i n l e t  guide vanes, increased turbine-stat  or areas, and minor al terat ions 
i n  both t h e  low- and high-pressure compressor rotors.  To the  degree tha t  
they were used, khese engine modifications did not produce an engine con- 
f igurat ion t h a t  was completely s t a l l - f r ee  over the desired range of f l i g h t  
conditions. The use of the  modifications, however, did establ ish tha t  an 
increased turbine-stator area great ly  a l lev ia tes  the  s t  a l l  problem and 
tha t  compressor modifications short  of complete redesign are, a t  best ,  
hopeful solutions t o  the  problem. 
INTRODUCTION 
An investigation was conducted i n  an a l t i t ude  t e s t  chamber of the  
NACA Lewis laboratory a t  the request of the  A i r  Research Development Com- 
mand, U. S. A i r  Force i n  order t o  evaluate the  performance and operating 
character is t ics  of a prototype twin-spool Iroquois turbojet  engine. The 
- 
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evaluation & the original eng%ne configuration. revealed a severe corn- 
pressor stall problem at high altitude, which resulted in reduce& e 
operating lmts at hi& d t i tudes  and l a w  i9te-b-air teqperatnres, 
an effort Zlo increase the coqressor stall raargin cusd thereby extend the 
operating rmqp of the engine, the engine mmufatzturer developed kx, 
engine mxliffcxtions, The first modified engine (A) included a set  of 
variable gclide vanes at  the M e t  of the high-pressure compressor and 
d s o  included turbine-stators of increased area, A second msd=ified 
ne (33) was also investigated that incorporated the sane c s 86 
the first engine mdification, and also incladed minor alterations the 
campressor, 
Performanes and opexating U,mttrs csP the engines were investigated 
of Re;ynolds n m k r  indices from 1,00 t o  O,17, M e t - a i r  
es frm -be t o  340' F p  and sinrulated fU&t 2kch nuaibers from 
Bats are presented hereltn that give the operating L imi t s  of 
engene configtwation and that show haw seriously these re- 
duced M t s  &feel the engine perfommace aad aperating characteristics. 
The dab  are then examined 3.n order t o  d e t e d n e  the reason %ox the re- 
auced engine operating lindts. P-7, the effects of the modifications 
on the W n e  operating Units and perfoxmace are evaluated, 
All the steady-state engine data obtained are p~esented intabular  
form. Spbole 8nB methods of peI*rPormmce alcuUtfon used in  tus report 
are! given in appendixes A and B, respectively. 
Engine tyld Em ion 
The Fcitay developed Iroquois turbojet engine is a two-spool engine 
designed t o  produce 20,000 pounds of thrust, without afterburn-, at 
s%atic sea-level cun~t ions .  A grototype version 02 the engine, shown 
imtal led i n  the altltude t e s t  chmiber ,in figure 1, was investi@ted 8% 
the Lewis U b o ~ a t o q ,  The prototype engine was expected t o  deliver about 
90 percent of the rated thrmt  of the f6U.y developed engine, 
 owa able high- and low-pressme rotor speeds were 7800 and 57Zb0 rpn, 
respc%ively+ The limfting exhaust-ms tempe was L735" R as mas- 
urea by 25 themocpuples located 5mnediaLeQ- ream of the turbine, 
B e  relatiom between this teaperatme measxwe,wnt and what  is considered 
a m e  accurate measupem~tnt of exhaust-girts temperatme, which ms meas- 
ured by 20 -t;herm~lcoupXes located b a more favorable place farther 
stream in the afterburner, is shawn &a figure 2+ 
The basic engine consists of a three-stage axial-fluw low-pressme 
coapressor of  tranaorclc design &3ven by a singbe-stage turbine, a seven- 
stage &al-flow ugh-pressme ccmgressor driven by a two-s%@ t m b ~ ,  
aa arm* vaporiziag conibxmtian e w e r ,  a# afterburner witb a fully 
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modulated convergent exhaust nozzle, and an ejector, which was rendered 
ineffective for  t h i s  investigation. The dry weight of the complete engine 
was approximately 4500 pounds. 
Original engine configuration. - Two engines were investigated 
(AX 10211B and AX 10311) that  were basically the same and qre classified 
as engines of the original configuration. One, the AX 102/1.B, had shroud 
cutouts in  the f i r s t -  and third-stage compressor-rotor blade t ips  i n  
which a plast ic  shroud ring was f i t ted .  In addition, the fourth-stage 
rotor blades (high-pressure compressor-inlet stage) had a 0, $-inch piece 
cut from the blade t ips  t o  increase the natural frequency of the blades 
above the excitation frequency i n  the high engine speed range. The 
AX 103/1 engine did not have the shroud cut-outs and employed full-length 
fourth-stage rotor blades. 
Modified engine configuration A. - The modified engine configuration 
A was represented by engine AX 10312 a d  differed from the original engine 
configuration (AX 103/1) i n  the following respects: 
(1) Increased turbine stator  areas i n  order t o  reduce the engine- 
operating pressure ra t io  
1 (a) First-  and second-stage axeas increased 5- percent 2 
(b) Third-stage area increased 5 percent 
(2) Friable plast ic  coating on the f i r s t -  and second-stator t i p  
seals t o  reduce clearance 
(3) Addition of variable guide vanes a t  the high-pressure ccanpressor 
in le t  t o  increase the mass-flow capacity, t o  reduce velocity pro- 
f i l e  entering the high-pressure compressor, and t o  give another 
degree of freedom i n  operation of the engine (additional deta i ls  
of guide vanes given in  fig. 3). 
(The guide vanes used were originally designed for  purposes other than 
what has been mentioned and were employed as a possible "quick fix. ") 
Modified engine configuration 33. - The modified configuration B was 
represented by engine AX 102/3C and differed from the modified engine 
- 
configuration A as follows: 
(1) The first-stage rotor blades were restaggered -3O and given an 
increase i n  twist varying l inearly from 0' a t  a station approximately 20 
percent of the blade height t o  5O a t  the blade tip. This modification 
was intended to: (a) increase the blade root pressure r a t i o  and (b) 
decrease the blade t i p  pressure r a t i o  while maintaining the same weight 
flow* 
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(2) The third-stage rotor blades were completely redesigned with a 
thickened root, thinned tip, tapered chord, and changed profile. The 
purpose of the rotor blade redesign was to strengthen the blades. 
(3) The high-pressure compressor blade tip clearances were reduced 
by means of plastic on the stator spacers. 
The altitude test chamber in which the engine was installed permitted 
the simulation of a wide range of flight conditions by proper control of 
valves, which allowed the engine-inlet and exhaust pressures to be set at 
the desired values. Modulation of gas-fired heaters or use of an expan- 
sion turbine produced the required inlet-air temperature at the engine 
inlet. 
Instrumentation 
A summary of the steady-state instrumentation installed in the 
engine is given in figure 4. The pressures were recorded by a digital 
automatic multiple-pressure recorder, The temperatures were recorded by 
self-balancing automatic digital potentiometers, Engine thrust was 
measured by the facility balance system, 
Engine vibration was monitored by pickups mounted on the low pres- 
sure, high pressure, and turbine bearing housings and on the rear frame, 
Compressor blade stresses were measured by strain gages on the rotor 
blades of the first and third stages using a slipring arrangement, The 
stresses were permanently recorded and were also visually monitored. 
Pressure transducers were also used to record the transient varia- 
tion of pressures in the first, fourth, and ninth stages of the high- 
pressure compressor, 
PROCEDURE 
The following table gives the conditions at which steady-state engine 
performance data were obtained, Generally, each constant exhaust-nozzle 
area operating line was established by obtaining four to six data points, 
Except in one instance in which limited data were obtained at an inlet 
temperature of 240° F and over (in table IV), the measured exhaust-nozzle 
areas presented in this report are applicable to a tailpipe configuration, 
which consisted of instrumentation rakes at the turbine outlet and nozzle 
inlet and no flameholder. 
CONF IDENTIKG 
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In addition t o  the steady-state data  taken, engine-stall  data were 
obtained. Engine quasi steady-state s t a l l  points were obtained, i n  gen- 





































The pertinent engine performance i s  given i n  tables  I t o  IV. 
Nominal 
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These data  were obtained by slowly changing the engine speed or nozzle 
area un t i l  stall occurred, at which time pertinent data were obtained. 
Fuel-flow stall was  obtained on each of the three engine configurations 
at the following conditions: 
A t  the flight conditions given in the pcedlhng table, the high- 
presaure rotor speed was set  at several i n i t i a l  engine apeeds between 
6200 and 7800 rg~n, At these speeds, step bcresses In engine fue l  flow 
were made. The s i ze  of these steps was increased in smal3 increments 
u n t S 1  campressor stall was encountered. 
Configuration 
Original 
Madif ied A 
Modified B 
RESULTS ARD DSCUSSIOM 




Steady-state operating limits. - The steady-state operating limits 
of the original engine configuration are shown i n  figure 5 on coordinates 
of exhaust-nozzle u e a  and high-pressure rotor speed. The operating 
l m t s  for two engines shown on th i s  figure (see APPARATUS), were obtained 
at engine-inlet conditions corresponding t o  Reynolds number indices of 
0.45 (fig. 5(a)) and 0.17 (fig. 5(b)) a t  a simulated f l igh t  Mach number 
of 0.9. 
The engine-operating limit curves presented i n  figure 5(a) for  a 
Reynolds number index of 0.45 indicate that  rated engine conditions were 
not always attained. Rated engine canditions are defined as an engine 
operating point a t  which limiting values of high-pressure rotor speed and 
exhaust-gas temperature w e  r e e d .  The AX 103/f engine either stal led 
at low inle t -a i r  temperatures ( -No F) or reached limiting exhaust-gas 
temperature and vibration a t  moderate inlet-air  temperatures ( 15O F) 
before rated engine conditions were obtained. A t  an i n l e t  temperature 
of 15' F, the AX 1 0 2 / 1 ~  engine did reach rated conditions on several 
occasions but on one occasion it was unable t o  do so because compressor 
stall occurred. The occurrence of stall on th i s  occasion, although it 
was only encountered during one run, is  an indication that  the campressor 
stall margin is quite s m a l l .  A description of the operational limits of 
the original engine configuration would not be complete without pointing 
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figure 5(a)  but a t  conditions simulating Mach numbers from 1.5 t o  2.0 
the compressor s tal l  margin was large and the engine handling character- 
i s t i c s  were satisfactory. 
Operat ion of the original  engine configuration (AX 103/1) was  a l so  
res t r ic ted  by excessive low-pressure compressor blade s tresses  and engine 
vibration (fig.  5). These blade s t r e s s  and engine vibration limits, 
which were s e t  a t  absolute maximums of 20,000 pounds per square inch and 
8 m i l s ,  respectively, for  steady-state operation, are associated with the 
proximity of compressor stall, par t icu lar ly  of the low-pressure compressor. 
The data  of figure 5(b), which correspond t o  an a l t i tude  of about 
56,000 fee t  a t  a Mach number of 0.9 a t  standard in le t -a i r  temperatures, 
show tha t  there was a large reduction i n  the operable range of the  engine 
a t  low engine-inlet Reynolds numbers as compared with the higher Reynolds 
numbers (fig.  5(a) ) . Inasmuch as the l imi ts  shown i n  figure 5(b) were 
obtained at an in le t - a i r  temperature of 15' F, it can readi ly  be seen 
tha t  rated engine conditions at a Reynolds number index of 0.17 are  un- 
attainable except at high in le t - a i r  temperatures (well above 15O F) because 
compressor s tal l  is  a function, among other things, of corrected speed. 
Effect of engine-operating limits on maximum attainable thrust. - 
The manner i n  which reduced engine-operating limits af fec t  thrust  i s  
shown i n  figure 6. For rated ~xhaust-nozzle area, the r a t i o  of the  maxi- 
mum attainable net  thrust  t o  the maximum thrus t  tha t  would have been 
possible i f  s t a l l - f r ee  engine operation existed is  shown as a function 
of the  in le t -a i r  temperature f o r  Reynolds number indices of 0.45 and 0.17 
a t  a Mach number of 0.9 fo r  the  AX 1 0 2 / 1 ~  engine. A t  a Reynolds number 
index of 0.45, the thrust  penalty i s  s m a l l  and only occurs at in l e t - a i r  
temperatures below -20° F. (!Chis assumes tha t  the s t a l l  l i n e  of the  
AX 102/lB engine was the same as tha t  f o r  the AX 103/1 engine corrected 
for  i n l e t  temperature.) However, a t  a Reynolds number index of 0.17, the 
thrust  loss  becomes quite severe; for  example, a t  the standard in le t - a i r  
temperature fo r  Mach 0.9, the thrust, loss  i s  about 26 percent. 
Engine t ransient  operating margin. - Restriction of the steady-state 
operating l imi ts  and the resul tant  thrus t  penalties (figs.  5 and 6) do 
not i n  themselves complete the description of the consequences incurred 
by compressor s t a l l .  While the engine may operate i n  the ranges described 
i n  figure 5, a small variation i n  the method of engine operation or  vari-  
ation i n  flow entering the engine would d ras t i ca l ly  c u r t a i l  engine opera- 
t ion  over and above tha t  shown i n  figures 5 and 6. Consequently, the 
engine fuel-flow stal l  margin was  determined i n  order t o  provide a means 
of quantitatively measuring the compressor s tal l  margin and, therefore, t o  
measure the a b i l i t y  of the engine t o  operate sa t i s fac to r i ly  even i n  the 
presence of variations such as those previously described. 
corn IDENT IAL 
The data  given i n  figure 7 (AX 103/1 engine) show the  relat ion be- 
tween the steady-state operating l ine  and the engine stall l ine  i n  terms 
of f u e l  flow and high-pressure rotor  speed f o r  a Reynolds number index of 
0.45 at a Mach number of 0.9 and an i n l e t  air temperature of 15O F. The 
extrapolation of the stall l i n e  was possible because of l a t e r  steady- 
s t a t e  data  at an in le t - a i r  temperature of -40° F tha t  disclosed the loca- 
t i o n  of the  intersection of the operating l i n e  and the stal l  l i n e  (f ig .  
5(a) ) .  A t  a high-pressure ro tor  speed of 96 percent of rated (7490 rp) ,  
a f u e l  s tep  increase t o  rated f u e l  flow would re su l t  i n  compressor stall; 
therefore, there is  very l i t t l e  s t a l l  margin available f o r  engine accel- 
eration, Consequently, although the engine i s  operable a t  t h i s  f l i g h t  
condition, extreme care would have t o  be taken i n  set t ing the accelera- 
t i o n  schedule. In addition, nonuniform flow conditions a t  the engine 
i n l e t  might markedly reduce the  small margin available with uniform i n l e t  
flow conditions. 
Fuel-step stal l  data were not taken at a Reynolds number index of 
0.17 because a number of random compressor s t a l l s  did occur within the 
steady-state operating envelope shown i n  figure 5(b). This, along with 
the  s m a l l  s tal l  margin shown by the data  of figure 7, signified tha t  
l i t t l e  could be learned by the fuel-step method at low Reynolds number 
indices. The operating experiences encountered up t o  t h i s  point i n  the 
program demonstrated tha t  the or iginal  engine configuration was inoperable 
from a prac t ica l  viewpoint at Reynolds number indices appreciably below 
0.45 and at in le t - a i r  temperatures i n  the v ic in i ty  of those encountered 
i n  the tropopause at Mach numbers near 0.9. 
One additional piece of information tha t  exemplifies the seriousness 
of the compressor s tal l  problem was the  d i f f i cu l ty  i n  unstall ing the com- 
pressor once stal l  had been encountered. This was pazticulaxly t rue  at 
high a l t i tudes  where careful t h r o t t l e  manipulation was necessary i n  order 
f o r  the compressor t o  recover from s t a l l  without combustor blowout 
occurring. 
lem. - Up t o  t h i s  point i n  the  discussion, the resul t s  of a l t i tude  opera- 
-
t i o n  of the  engine have been considered. 31 order t o  understand the 
reasons f o r  the engine behavior it i s  necessary t o  study the individual 
engine components. Since high-pressure compressor s t a l l  posed the most 
serious r e s t r i c t ion  on engine operation, high-pressure compressor per- 
formance i s  presented i n  figure 8. The curves shown on t h i s  f igure rep- 
resent data  obtained from the original  engine configuration at Reynolds 
number indices of 0.45 and 0.17 and also represent data from the manu- 
fac turer ' s  r i g  at an equivalent Reynolds number index of about 0.2. The 
rig-compressor efficiency data  were chosen t o  be comparable with the engine 
data  a t  a Reynolds number index of 0.17 as f a r  as the rotor  speed - 
pressure r a t i o  relationship i s  concerned. 
CONFIDENTIAL 
It is immediately obvious that there is a wide disagreement between 
the engine-compressor and the rig-compressor data. In order to simplify 
this discussion the effect of changing Reynolds number on the stall line 
is considered negligible as would be indicated by an extrapolation of the 
two engine compressor stall lines. This is also borne out by past experi- 
ence, which has disclosed little or no shift of the stall line with 
Reynolds number on compressor map coordinates (ref. 1). 
The engine-campressor data exhibit a sizable reduction of the pres- 
sure ratio of the stall line and airflow of the constant-rotor-speed 
lines over that of the rig compressor, In searching for an explanation 
for these differences, the flow conditions entering the high-pressure 
compressor were examined. The flow entering the rig compressor was 
essentially uniform. However, the flow entering the engine compressor 
had a severe radial total-pressure distortion. A typical example of this 
distortion is shown in figure 9 in which the vasiation of the ratio of 
local total pressure to over-all average total pressure across the high- 
pressure compressor inlet annulus is presented. The four radial rakes 
used in obtaining the data of figure 9 exhibited very little circumfer- 
ential variation. Past studies of the effect of compressor-inlet distor- 
tion on performance demonstrate that the disagreement between the rig- 
and engine-compressor data in figure 8 might well be attributed to the 
type and magnitude of distortion depicted in figure 9. 
Other effects of the flow distortion entering the engine high- 
pressure compressor besides those already mentioned are the positive 
slope of the constant rotor speed lines and the lower efficiency of the 
compressor, The positive slope of the constant speed lines is in agree- 
ment with an observed trend toward reduced distortion as the high- 
pressure compressor pressure ratio is increased at a constant corrected 
speed. The reduced efficiency of the high-pressure engine compressor as 
compared to that of the rig compressor can be attributed largely to the 
wide range of angles of attack over which the radial distortion forces 
the first stage of the high-pressure compressor to operate. 
Although, as previously stated, there is no discernible effect of 
Reynolds number on the high-pressure compressor stall line, variation in 
the Reynolds number does result in a shift of the constant speed line to 
lower airflow and of the constant nozzle-area operating line to a higher 
pressure ratio so that at a Reynolds number index of 0.17, the high- 
pressure compressor stall margin is practically zero. Data obtained by 
the engine maaufacturer indicated that the Reynolds number effect on the 
compressor was aggravated by the flow distortion. 
To continue the study of the component performance, data for the 
low-pressure compressor are presented in figure 10. The agreement between 
the rig- and engine-campressor data is in general quite good. Further- 
more, the effect of Reynolds number on the stall line and constant speed 
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l ines  is, f o r  prac t ica l  purposes, nonexistent. The sh i f t  i n  the operating 
l i n e  can be traced d i rec t ly  t o  the  Reynolds number ef fec t  on the high- 
pressure compressor. In  turn, t h i s  movement of the operating l i n e  on 
the  low-pressure compressor map i s  the reasons fo r  the change i n  low- 
pressure compressor efficiency with Reynolds number. The rig-canpressor 
efficiency data were chosen t o  be comparable with the  engine data a t  a 
Reynolds number index of 0.45, as f a r  as a speed-airflow relat ion i s  
concerned, 
To complete the study of the  component performance, the over-all 
compressor, ccnnbustor, and turbine eff iciencies  are plotted as functions 
of corrected high-pressure ro tor  speed in f igure 11 f o r  Reynolds number 
indices of 0.9, 0.45, and 0.17 f o r  the rated exhaust-nozzle area operat- 
ing lines.  These data  show tha t  the combustor and turbine eff iciencies  
are r e l a t ive ly  high. However, the over-all compressor efficiency re f l ec t s  
the low efficiency of the high-pressure compressor shown i n  figure 8, 
A summary of the study of the component performance of the original  
engine configuration leads t o  the  following conclusions: 
(1) The ef fec t  of nonuniform flow entering the high-pressure cm- 
pressor markedly reduces the s t a l l  margin and efficiency. I n  addition, 
the flow dis tor t ion  re su l t s  i n  a more severe Reynolds number ef fec t  than 
would otherwise be present. 
(2) The turbine and combustor perform at a high l eve l  of e f f i c i encp  
(3)  As a re su l t  of the s m a l l  s t a l l  margin of the high-pressure com- 
pressor, par t icu lar ly  above rated corrected high-pressure rotor  speed, 
'the engine operates dangerously near s tal l  even at low alti tudes.  
Consequently, when the steady-state operating l ine  i s  shif ted toward the 
stall  l i n e  as the Reynolds number i s  decreased, the limited high-speed 
stal l  margin becomes increasingly small and stal l  i s  encountered at low 
ro tor  speeds u n t i l  high-speed engine operation becomes impossible. 
A t  t h i s  point i n  the investigation it was  decided tha t  two basic 
approaches could be taken t o  improve the  s t a l l  margin and consequently 
increase the engine-operating range and improve handling characteristics: 
(a) Raise the stal l  l i n e  by modifying or  redesigning the high- 
pressure compressor or improving the  flow distr ibut ion out of the 
low-pressure compressor 
(b) Lower the  operating l i n e  by increasing the turbine s t a to r  areas 
or improving the component efficiencies. 
CONFIDENTIAL 
These approaches were attempted i n  varying degrees by the engine manufac- 
turer  and are exemplified by the modified A and B engine configurations. 
It is  noteworthy t o  mention that  the modifications reported herein were 
necessarily of the quick f i x  variety. 
Modified Engine Configurations A and B and Comparison with 
the Original Engine Configuration 
In order t o  simplify the discussion on the modified engine configu- 
rations, both of which used the variable high-pressure campressor in le t  
guide vanes, the effect of the guide vanes on engine performance and 
operating limits i s  discussed using the data from the modified B configu- 
ration. The effect of the guide vanes was very similar for  both modified 
engine configurations. The three engine configurations are then compared. 
Effect of high-pressure compressor in le t  guide vanes. - The effect 
of changing the guide vane angle on the operating limits of the engine i s  
presented i n  figure 12 for  a Reynolds number index of 0.37, inlet-air  
temperature of -40° F, and a f l igh t  Mach number of 0.9. The same coor- 
dinates used previously for  t h i s  purpose are employed, namely exhaust- 
nozzle area and high-pressure rotor speed. A s  the guide vane angle is  
changed from -5' t o  5O, the high-pressure rotor speed a t  which low-pressure 
rotor speed limit, limiting exhaust-gas temperature, or high-pressure- 
compressor s t a l l  was reached generally increased. This i s  primarily 
due t o  a change in  the speed r a t i o  between the low-pressure and high- 
pressure rotors as can be observed from noting the position of the limit- 
ing (constant) low-pressure rotor speed lines. 
The effect  of guide vane angle on the engine performance i s  shown in  
figure 13 i n  which net thrust and specific fuel  consumption are plotted 
as functions of high-pressure rotor speed for  altitudes of 40,000 and 
50,000 feet  a t  Mach numbers of 0.9 and 1.5, respectively. The engine 
performance was calculated from engine pumping characteristics obtained 
a t  a Reynolds number index of 0.37 with a choked exhaust nozzle. The 
curves of figure 13 are plotted fo r  the exhaust-nozzle area that  corre- 
sponds t o  the rated area for  the particular f l igh t  condition under con- 
sideration. The data indicate that  for a given high-pressure rotor speed 
there i s  l i t t l e  t o  choose from guide vane angles between -5' and 5O, 
insofar as performance i s  concerned. This would not be the case i f  the 
guide vane angle range was extended beyond these limits. Sea-level t es t s  
by the manufacturer showed that  guide vane angles greater than 5' resulted 
i n  a significant loss i n  engine performance. 
Canparison of engine steady-state limits for the three engine con- 
figurations. - In comparing the performance and operating limits of the 
three engine configurations, high-pressure campressor in le t  guide vane 
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angles of -5' and 0' were chosen f o r  the modified A and B engine configu- 
rations,  respectively, These angles were selected because it appeared 
they would give near-optimum engine performance over a wide range of 
f l i g h t  conditions and also t h e i r  operating l imi ts  were quite comparable 
a t  a Reynolds number index of 0.37. The operating l imi ts  of the three 
configurations are  compared i n  figure 14 on a nozzle area - high-pressure 
ro tor  speed basis  f o r  Reynolds number indices between 0.45 and 0.17. In 
the  case of the original  engine configuration (AX 103/1), the lowest 
operating l imi ts  were used. A t  Reynolds number indices of 0.45 t o  0.37 
(f ig.  14(a) )  the operating l imi ts  of a l l  configurations were about the 
same i f  the engine vibration l imi ts  of the or iginal  engine configuration 
were neglected. However, a t  a lower index ( f ig .  14(b) ) there w a s  a 
marked difference. In t h i s  case, the operating l i m i t  curves f o r  the 
original  and modified engine A configurations are given fo r  an index of 
0.17. The modified engine B configuration was essent ia l ly  inoperable a t  
a Reynolds number index of 0.17 and so the operating l imits  for  an index 
of 0.2 7 are presented. Thus, the modified engine A configuration was 
c lear ly  superior i n  terms of engine operating limits i n  the lower Reynolds 
number index range. 
Comparison of fuel-flow s ta l l  margin f o r  the three engine configu- 
rations. - The fuel-flow s t a l l  margins of the three engine configurations 
are presented i n  figure 15 on coordinates of corrected engine f u e l  flow 
and corrected high-pressure rotor  speed. The data used t o  establ ish the 
curves were obtained a t  a Reynolds number index of 0.45, Mach number of 
0.9, and rated exhaust-nozzle area. Below a corrected high-pressure 
rotor  speed of about 8100 rpm, the  s t a l l  margin of the modified engine A 
configuration was best, Above t h i s  speed the modified engiae B had the 
largest  s tal l  margin. The improved s t a l l  margin of the modified engine 
configurations over tha t  of the or iginal  engine configuration w a s  la rge ly  
due t o  the Lowering af the steady-state operating l ines,  which came about 
as a re su l t  of the increased turbine-stator areas. 
Comparison of the performance of the three engine configurations. - 
The net thrust  and specific f u e l  consumption are shown as functions of 
high-pressure rotor  speed i n  f igure 16 fo r  a l t i tudes  of 40,000 and 
50,000 f e e t  a t  Mach numbers of 0.9 and 1.5, respectively. The data  used 
t o  obtain these curves were calculated as previously described regarding 
the data  of figure 13. Within the accuracy of the data there was no 
appreciable difference i n  the performance of the three engines with the 
exception of the s l igh t ly  higher specific f u e l  consumption of the modi- 
f i ed  engine B configuration at past engine speed. Calculation of the 
performance of the modified engine B configuration fo r  standard sea-level 
s t a t i c  conditions resulted i n  a thrust  of 17,600 pounds and a specific 
f u e l  consumption of 0.98 with the variable high-pressure guide vanes s e t  
a t  an angle of oO. 
Effect of engine configuration change on component performance, - 
The over-all compressor and turbine efficiencies of the three engine 
configurations are presented in figure 17 as a function of corrected 
high-pressure rotor speed for rated exhaust-nozzle areas and Reynolds 
number indices of 0.17 and 0.45 to 0.37. These data show no appreciable 
change in the compressor and turbine efficiencies as a result of any of 
the engine modifications. 
It will be recalled that examination of the high-pressure compressor 
characteristics for the original engine configuration showed that flow 
distortion entering the compressor was the prime reason for the reduced 
stall margin and, consequently, for the narrow engine operating limits 
as compared with the stall margin predicted on the basis of rig-compressor 
tests, Inasmuch as an effort was made to reduce the magnitude of this 
distortion, the curves of figure 18 are presented to disclose what suc- 
cess was achieved, This figure gives the percent of total-pressure dis- 
tortion entering the high-pressure compressor as a function of corrected 
high-pressure rotor speed for the three engine configurations for rated 
nozzle areas at Reynolds number indices of 0.45 to 0.37 and a Mach number 
of 0.9, ,At high corrected speeds, the flow distortion entering the com- 
pressor was lowest for the modified engine B configuration and highest 
for the original engine configuration. At low and intermediate corrected 
rotor speeds the original and modified engine A configurations had about 
the same distortion with the modified engine B configuration having a 
slightly lower distortion. These changes in distortion can be attributed 
to a shift in the engine operating line on the low-pressure compressor 
map and to modifications in the low-pressure compressor. 
In order to determine whether any noticeable effect of the change 
in distortion can be observed on the high-pressure compressor stall line, 
a comparison of the high-pressure compressor stall lines for the three 
engine configurations on compressor map coordinates is presented in fig- 
ure 19. As has been pointed out previously, there was no discernible 
effect of Reynolds number on the stall line. It is somewhat difficult 
to perceive any effect of the change in distortion on the stall line 
except possibly at the high speed portion of the curves where the stall 
line of the modified engine B configuration showed improvement over the 
other configurations. 
  his is particularly true when considering the 
stall line on a fuel-flow basis (fig. 15).) It is important to point 
out that drawing conclusions from the comparison of stall lines obtained 
from different physical compressors, even those of the same model, can 
lead to erroneous decisions, as has been borne out by past experience. 
Consequently, stall lines of several engines that are alike may differ 
in magnitude by as much as the variations shown in figure 19. 
Now that the high-pressure compressor stall lines of the three 
engine configurations have been presented and compared, the remaining 
CONFIDENTIAL 
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consideration is  the re la t ion  of the steady-state operating l ine  t o  the  
s ta l l  l ines,  t ha t  is, the s t a l l  margh. This i s  accomplished i n  figure 
20, which presents the stal l  region and rated nozzle operating l ines  f o r  
the  three engine configurations. S t a l l  fo r  a l l  three configurations is  
represented by a shaded area. The curves of figure 20(a) present the 
stall margin at Reynolds number indices of 0.45 t o  0.37. Figure 20(b) 
i s  a similar representation f o r  an index of 0.17. The s h i f t  i n  the 
steady-state operating l ines  toward the region of s tal l  as Reynolds num- 
ber index is decreased i s  quite apparent. 
There does remain a question as t o  why the operating l ines  of the 
modified A and B configurations were not more i n  agreement. Since the 
component eff iciencies  (f ig .  17) were essent ia l ly  the same, the only 
apparent reason would be tha t  the  turbine flow areas were not the same 
even though they were intended t o  be. 
Summing up the discussion i n  connection with figures 19 and 20, it 
becomes apparent tha t  of the changes investigated the only positive 
method of improving the s t a l l  margin, barring complete redesign of the 
compressor, i s  by opening the turbine - s t a to r  areas and thereby lowering 
the  operating line. 
CONCLUDING RENARKS 
An investigation of the prototype Doquois turbojet engine i n  an 
a l t i tude  t e s t  chamber disclosed a severe s ta l l  problem i n  the high- 
pressure compressor at low Reynolds numbers and low in le t - a i r  tempera- 
tures. Consequently, the operating range of the original  engine configu- 
ra t ion  was  severely res t r ic ted  below Reynolds number indices of 0.45 at 
moderate and high corrected ro tor  speeds. The reduced operating range 
resulted i n  high thrust  penalties. For example, at standard conditions 
at an a l t i tude  of 56,000 fee t  and Mach number of 0.9 the maximum possible 
net  thrus t  w a s  26 percent below tha t  available without compressor s t a l l .  
In contrast, the engine exhibited a large operating margin a t  simulated 
Maoh numbers of 1.5 and 2.0 at a l t i tudes  of 50,000 t o  60,000 f e e t  ( i n l e t -  
air temperatures between 100O and 250° F and Reynolds number indices of 
approximately 0.4) . 
Examination of the  component data  of the  original  engine configura- 
t ion  revealed tha t  the s m a l l  s tal l  margin of the high-pressure compressor, 
when it was  operating as an in tegra l  par t  of the engine, was basical ly 
due t o  the r ad ia l  flow dis tor t ion  a t  i t s  inlet .  This and an accompanying 
Reynolds number ef fec t  on the high-pressure compressor resulted i n  the 
cur t  a i led engine operation a t  alt i tude. 
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As a consequence, the manufacturer produced engine modifications 
that included variable high-pressure compressor inlet guide vanes, in- 
creased turbine-stator areas, and other modifications of a lesser nature. 
The effect of these modifications was, in general, beneficial but inade- 
quate as far as engine operating limits were concerned. These modifica- 
tions were incorporated without penalizing the engine performance, 
The analysis of the component performance of the three engine con- 
figurations disclosed that of the modifications employed, opening the 
turbine-stator areas was the most effective modification and the one 
requiring the least amount of development, In addition, a practical 
reduction of the flow distortion entering the high-pressure compressor 
still appears to offer profitable stall margin improvement. 
Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, June 13, 1958 
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APPENDIX A 
sm0LS 
area, sq f t  
t h rus t  scale  force, l b  
flow coefficient,  r a t i o  of actual  t o  idea l  
veloci ty  coefficient,  r a t i o  of scale j e t  th rus t  t o  idea l  j e t  
th rus t  
j e t  thrust ,  l b  
net thrust ,  l b  
acceleration due t o  gravity, 32.17 f t /sec2 
enthalpy, ~ t u / l b  
thermocouple constant, 106 
Mach number 
engine speed, rpm 
t o t a l  pressure, lb/sq f t  abs 
s t a t i c  pressure, lb/sq f t  abs 
gas constant, 53.4 f t - lb / ( lb )  (OR) 
t o t a l  temperature, % 
s t a t i c  temperature, OR 
velocity, f t / sec  
airflow, lb/sec 
f u e l  flow, lb/sec 
gas flow, lb/sec 
r a t i o  of specif ic  heats 
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8 ra t io  of t o t a l  pressure t o  s t a t i c  pressure of WCA standard 
atmosphere a t  sea level 
9 efficiency 
8 r a t i o  of t o t a l  temperature t o  s t a t i c  temperature of WCA standard 
atmosphere a t  sea level 
CP ra t io  of viscosity t o  the viscosity of NACA standard atmosphere 
a t  sea level  
6 Reynolds number index, ~(~+216)/5.7738 T2 
c p f i  
Subscripts: 
a a i r  






HP high pressure 
he heat exchanger 
i indicated 
id ideal 









Venturi station (approximately 7 ft upstream of engine inlet, 
station 1) 
free stream 
engine inlet, low-pressure compressor inlet 
low-pressure compressor outlet 
high-pressure compressor inlet 
high-pressure compressor outlet 
high-pressure turbine inlet 
high-pressure turbine outlet, low-pressure turbine inlet 
low-pressure turbine outlet 
exhaust-nozzle inlet 
METHODS OF CALCUTION 
Flight Mach number. - The flight Mach number, assuming complete ram- 
pressure recovery, was calculated from the expression 
Flight speed. - The following equation was used to calculate flight 
speed: 
Exhaust-gas temperature. - Total temperatures at the exhaust-nozzle 
inlet were determined from indicated temperatures by correcting the indi- 
cated temperatures for recovery (ref. 2)-and radiation (ref. 3) as 
follows : 
Airflow. - The airflow was calculated at the Ventmi station as 
follows 
where 
The airflows and gas flows at $he various stations throughout the engine 
were calculated as follows: 
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wa, 2-1 = Wa, 2 + 32 Wa9 he 
where w ~ , ~ ~  was calculated i n  the same manner as w 
where w 
a9 2 and waJtp were originally measured and then each was 
assumed t o  equal 0.0138 w 
a , l  
- Wa, 9 - Wa, 1 - Wa, tp ( 10) 
w g,4 = w  a,4 + Wf (11) 
W = w  
g,6 g,4 (12) 
W = w  
g, 9 a, 9 + Wf (13) 
Scale thrust. - Engine scale thrusts were calculated as follows: 
5, s = B + As,al (Px - ptm) (14) 
- Wa 1 
Fn,s - Fj,s - g (15) 
Ideal thrust. - Ideal engine thrusts were calculated as follows: 
- vN + (pN - F j , i d -  g (16) 
= + Veff (17) 
where 
AN(% - Po) 
Veff = 'N + Wg, 9 
g 
and where veff/d- is  defined in  reference 4. 
Velocity coefficient. - Velocity coefficient is defined as the 
ratio of scale jet thrust to ideal jet thrust 
Specific fuel consumption. - The net specific fuel consumption is 
defined and calculated as follows: 
Compressor efficiency. - The compressor efficiencies are calculated 
as follows: 
where primed values are isentropic 
Engine combustion efficiency. - The engine combustion efficiency is 
calculated as follows: 
2 2 
where 
corn ]DENT IAL 
and 
Equation (26) is defined in reference 5, and tables of equation (26) are 
given in reference 6. 
Turbine-inlet temperature. - The turbine-inlet temperature (or 
combustor-outlet temperature) is calculated as follows: 
where 
Turbine efficiency. - Turbine efficiency is calculated as follows: 
The low and high pressure turbine efficiencies are not presented because 
of the inability to accurately measure P5. 
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TABLE I .  - PERFORMANCE DATA OF ORIGINAL ENGINE CONFIGURATION 
[(a) AX 102/1B engine.] 
TABLE I. - Continued. PERFORMANCE DATA OR ORIGRiAL ENGINE COMFIGUIlATION 



























































































































































































































































































































































































































































































































































































































































































TABLE I. - Continued. PERFORMANCE DATA OF ORIOINAL ENGINE CONFIGURATION 






Low- Engine- Low-pressure 
pressure pressure inlet compressor- 










































































































speed, speed, atke, temperature, 
N ~ ~ ,  N~~~ T2, 










































TABLE 11. - Continued. PERFORMANCE DATA OF ENOINE COWIGURATION A 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 11. - C o n t i n u e d .  PERFORMANCE DATA OF ENGINE CONPIGURATION A 
TABLE 11. - Concluded. PERFORMANCE DATA OF ENGINE CONFIGURATION A EAX 103/2 engine .I 





rotor NHp/fi, 1 rpm speed, 






























































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 111. - PERFORMANCE DATA OP ENGINE CONFIGURATION B 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 111. - Continued. PERFORMANCE DATA OF ENGINE CONFIGURATION B 
[AX 102/3~ engine .l 
TABLE 111. - Continued. PERFORMANCE DATA OF ENGINE CONFIGURATION B 
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61/ '+1fi  
High- 
p ressu re  
r o t o r  
speed, 
N~~ * 
A l t i t u d e ,  






I n l e t  
guide 
vane 
ang le  
deg 
Low- 
p ressu re  
compressor  
o u t l e t  
tempera- 
LOW- 
p ressu re  







p ressu re  
compressor 
o u t l e t  
tempera- 




i n l e t  
temper- 
a t u r e ,  
T1, 
I 
Turbine Exhaust- Engine- 1 i n l e t  1 gas I i n l e t  




p ressu re  
compressor 
o u t l e t  
t o t a l  




p ressu re  
compressor 
o u t l e t  
t o t a l  
tube ,  
T2 8 
OR 
a t h e ,  
T4' 
OR pressu re ,  
p3 ' && abs 
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L~xhaust-nozzle areas for tailpipe configuration with 
turbine-outlet rakes, single total-pressure rake at 















































































































































































































































Figure 2. - Relation between Micated turbine-outlet temperature and exhaust-gas temperature. 
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Figure 3. - Schematic diagram of variable high-pressure compressor-inlet 
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(a) Reynolds nmber index, 0.45,. 
Figure 5. - Operating limits of original engine configuration a t  simulated 
f l ight  Mach nmber of 0.9. 
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High-pressure rotor engine speed, NRp, r p  
(b) Reynolds number index, 0.17. 
Figure 5. - Concluded. Operating limits of original engine configuration 
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Figure 7. - Original engine configuration fuel-flow s t a l l  margin. Reynolds number 
index, 0.45; simulated f l i g h t  Mach nmber, 0.9; i n l e t - a i r  temperature, 15' F; rated 
exhaust-nozzle area. 
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Figure 8. - Original  engine conf igurat ion high-pressure compressor performance. 
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Figure 9. - Typical pressure variat ion a t  low-pressure compressor out le t  
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Corrected high-pressure rotor speed, NRP/&, rpm 
Figure 11. - Component efficiencies of original engine configura- 
tion for rated exhaust-nozzle area. 
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Figure 12. - Effect of high-pressure compressor-inlet guide vane angle on operating 
limits of modified B engine configuration. Reynolds number index, 0.37; inlet air 
temperature, -40° F; simulated flight Mach number, 0.9. 
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Figure 13. - Effect of high-pressure compressor inlet guide vane angle on 
performance of modified B engine configuration. Reynolds number index, 
0.37; rated exhaust-nozzle area. 
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(a)  Reynolds number index, 0.45 t o  0.37. 
Figure 14. - Variation of engine operating l imits  with engine configuration change. 
Simulated f l i g h t  Mach umber, 0.9; in le t -a i r  temperature, -40' F. 
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I I 1 I I 
Engine Reynolds In l e t - a i r  
configuration number index temperature, OF 
920 
Original (AX 103/1) 0.17 15 
- - - - Modified A .17 
--- 
- 40 
Modified B .27 - 40 
( ~ n g i n e  B configuration was v i r tua l ly  inoper- 
able a t  index of 0.17 .) 
(b) Reynolds number index, 0.17. 
Figure 14. - Concluded. Variation of engine operating l i m i t s  with engine configura- 
t i o n  change. Simulated f l i g h t  Mach number, 0.9. 
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Figure 15. - Variation of engine fuel  flow stall margin with engine configuration change. 
Reynolds nmber index, 0.45; simulated f l igh t  Mach number, 0.9. 
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High-pressure compressor rotor speed, Nm, r p  
Figure 16. - Vasiation of engine performance with engine configuration 
change. 
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(b) Reynolds number index, 0.17. 
Figure 17. - Variation of over-all compressor and turbine efficiencies 
for three engine configurations. 
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Figure 18. - Variation of high-pressure compressor inlet distor- 
tion with high-pressure rotor speed for a rated area operating 













Figure 19. - Vaxiation of high-pressure compressor s t a l l  l ine  with engine configuration 
change. Reynolds number index range, 0.45 t o  0.17. 
( a )  Reynolds number index, 0.45 t o  0.37. ( b )  Reynolds number index, C . 1 7 .  
Figure 20..- Var ia t ion  of high-pressure compressor s t a l l  margin with engine conf igura t lo r~  char.$e. 
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